Purpose: To understand the functional and preclinical efficacy of targeting the urokinase plasminogen activator receptor (u-PAR) in ovarian cancer.
Introduction
Ovarian cancer is the 5th leading cause of cancer death among US women. It has the highest mortality rate of all gynecologic tumors because most patients will experience recurrences and develop chemoresistant disease (1) . The mechanism of ovarian cancer metastasis differs from that of hematogeneously metastasizing tumors, because ovarian cancer cells disseminate from the primary site and are carried by peritoneal fluid to peritoneal surfaces within the abdominal cavity, including the omentum. The first step of metastasis to these sites involves a tightly regulated process of attachment, migration, and invasion to, and, proliferation on, mesothelium covered surfaces (2, 3) .
A number of factors have been implicated as mediators of ovarian cancer metastasis, including integrins, growth factors, and proteases. The urokinase-type plasminogen activator (urokinase/uPA) is a serine protease that is first secreted as a proenzyme (pro-urokinase) and is then activated by proteolytic cleavage after binding to its specific cell surface receptor, the urokinase receptor (u-PAR; refs. 4, 5) . Urokinase catalyzes the activation of plasminogen to plasmin, which is critical for remodeling of the extracellular matrix (ECM). Besides regulating and focusing proteolysis at the invading edge of a tumor, u-PAR plays a critical role in cancer progression through its interaction with integrins and vitronectin and as a regulator of angiogenesis (6) .
The expression of the uPA/u-PAR proteolytic system has been demonstrated in a number of different cancer types, and high-endogenous intratumoral levels of both uPA and u-PAR are often present in advanced metastatic disease (7) . In patients with ovarian cancer, high levels of uPA, soluble u-PAR, and/or u-PAR have been detected in serum, ascites, and ovarian cancer tumors (primary and metastatic; summarized in Supplementary Table S1 ). However, it is not clear whether u-PAR is also a prognostic marker in patients with ovarian cancer or what percentage of epithelial ovarian carcinomas actually express u-PAR. Moreover, the specific role of u-PAR in regulating the adhesion, migration, invasion, and metastasis of epithelial ovarian cancer, which are the key steps in ovarian cancer metastasis, remains to be determined.
Several approaches have been tested that target the u-PAR in preclinical models. Small molecules and peptides have been used to block the interaction of urokinase with the u-PAR, affecting downstream signaling. An antisense approach showed that the invasiveness of tumor cells was directly proportional to the density of surface u-PAR expression on cancer cells (8) . Gondi and colleagues used a small hairpin RNA to target u-PAR and showed a 65% regression of established gliomas in an intracranial tumor model (9) . These and other studies clearly show that the u-PAR is a potential target for cancer treatment. In view of the multifunctional properties of the u-PAR in the biology of epithelial tumors, and given that antibody-based therapies have been established as clinically feasible and efficacious, we decided to test the antitumor effects of an antibody against u-PAR in several ovarian cancer models. Our goal was to determine if u-PAR inhibition is a viable strategy that should be further developed for ovarian cancer treatment.
We show here that the u-PAR is widely expressed in primary and metastatic ovarian carcinomas and that u-PAR inhibition, using a monoclonal antibody (ATN-658), reduces ovarian tumor metastasis in several preclinical models through the induction of apoptosis and the inhibition of u-PAR interactions with integrins and the ECM.
Materials and Methods

Reagents and cell lines
Mouse monoclonal antibodies (IgG 1 ) against u-PAR (ATN-658 for treatment and ATN-615 for immunohistochemistry) were developed and provided by Attenuon, LLC. Both antibodies were raised against the D2D3 fragment of u-PAR immunized into Balb/C mice and bound to different epitopes as previously described (10) . The CaOV-3 human ovarian cancer cell line was from ATCC (American Type Culture Collection). SKOV3ip1 and HeyA8 cells were provided by Dr. Gordon Mills. Cell lines were validated by short tandem repeat (STR) DNA 'fingerprinting using the AmpF()STR Identifiler PCR amplification kit (Applied Biosystems). The STR profiles were compared with known ATCC fingerprints, to the Cell Line Integrated Molecular Authentication database, and to the MD Anderson fingerprint database. MONTY-1 was established by us (11) . The a 5 -integrin antibody used for immunofluorescence was purchased from Santa Cruz Biotechnology . The a v b 3 -integrin antibody (LM 609), b 3 -integrin antibody (B3A), and a 5 -integrin antibody (P1D6) were from Chemicon. Antibodies used in immunoblots for uPA (UK-1) was purchased from American Diagnostics Inc., and for u-PAR, a rabbit polyclonal antibody, was provided by Attenuon, LLC. Antibodies against FGFR1 (#3472), caspase-3 (5A1E), and cleaved caspase-3 (3G2) were from Cell Signaling. The rabbit urokinase antibody was from Abcam. Quantitative real-time PCR primers for uPA, u-PAR, FGFR1, b 3 -integrin, and a 5 -integrin were purchased from Applied Biosystems.
Patient tissue samples
Tissue blocks from 162 patients with International Federation of Gynecology and Obstetrics (FIGO) stage I-IV ovarian cancer, who had undergone surgery performed by a gynecologic oncologist at the University of Chicago, were selected by a gynecologic pathologist (A.M.) after obtaining Institutional Review Board (IRB) approval. Clinical and histopathologic informations were collected and updated regularly as previously reported (12) .
Tissue microarray and immunohistochemistry
Tissue microarray slides were deparaffinized and incubated with anti-u-PAR (mouse ATN-615) at a 1:200 dilution. The slides were stained using the Envision avidinbiotin-free detection system and counterstained with hematoxylin. Immunoscoring was performed with the Automated Cellular Imaging System (ACIS) (12) . Within the tissue core, the most representative tumor area of standardized size was selected at 100Â magnification and the fraction of positively stained cells and the intensity of the staining read with the ACIS and confirmed by a gynecologic pathologist (A.M.). Readings were reported as a low (ACIS score < 120) or high (ACIS score ! 120) level of u-PAR expression in tumors. The median level of u-PAR was an ACIS score of 131. Overall survival estimates were
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Immunoblot analysis
Cells were lysed in RIPA buffer and immunoblot analysis performed as previously described (12) . The following dilutions of antibodies were used: anti-u-PAR (rabbit polyclonal from Attenuon, LLC; 1:2,000), anti-uPA (UK-1; 1:1,000), anti-b 3 -integrin (B3A; 1:2,000), and anti-FGFR1 (#3472; 1:2,000).
Three-dimensional omental culture system
Specimens of human omentum were obtained from patients undergoing surgery for benign conditions under an IRB approved by the University of Chicago. Primary human mesothelial cells and fibroblasts were isolated from the omentum and purification was verified by vimentin, keratin 8, and prolyl-hydroxylase immunohistochemistry (13, 14) . The three-dimensional (3D) omental culture system was assembled by plating 2,000 human primary fibroblasts per well plus collagen; 18 hours later 10,000 human primary mesothelial cells were added to a 96-well culture plate.
Adhesion assays
Matrigel (0.5 mg) or the 3D omental culture assembled with 4,000 human primary fibroblasts and 20,000 human primary mesothelial cells was used to coat a 96-well dish, and a 4 hour adhesion assay was performed with fluorescently labeled ovarian cancer cells (13) . Cells were treated with mouse IgG or anti-u-PAR (20 mg/mL) at the time of cell plating or pretreated for 18 hours. Differences between treatments were evaluated using an unpaired, 2-tailed Student's t test.
Migration and invasion assay
Fifty thousand cells (unlabeled for collagen type I or Matrigel and fluorescently labeled for 3D omentum culture) were plated on each well of a 24-well transwell plate that was either precoated with 20 mg of collagen I, Matrigel, or contained the 3D omental culture system. The migration and invasion assays were performed as previously described (13) . Differences between treatments were evaluated using an unpaired, 2-tailed Student's t test.
Omental ECM isolation
ECM was isolated from primary human omentum, the most common site of ovarian cancer metastasis, in order to provide an environment that is more comparable to the endogenous situation. This omental ECM was used to determine the localization of u-PAR on ovarian cancer cells. Fresh omentum was cut into small sections (1 to 2 mm in thickness) and suspended in dispase solution (Sigma-Aldrich) at 2 mg/g of tissue and incubated for 2 hours at 4 C to remove all cells from the ECM. The tissue sections were rubbed over a cell sieve to separate the intact cells from the remaining ECM. Matrices were homogenized in high salt buffer [0.05 mol/L Tris (pH 7.4), 3.4 mol/L NaCl, 4 mmol/L Nethylmaleimide] containing protease inhibitors (0.001 mg/mL pepstatin, 0.01 mg/mL aprotonin, 2 mmol/L orthovanadate, and 1 mmol/L PMSF) and centrifuged 3 times at 7,000 g for 15 minutes. Supernatant was discarded. The pellet was incubated in 2 mol/L urea buffer [0.15 mol/L NaCl and 0.05 Tris (pH 7.4)] at 1 mL of buffer/g of tissue rotating for 48 hours at 4 C to solubilize ECMs. The solution was centrifuged at 14,000 g for 20 minutes and supernatant containing ECM collected. The concentration and sizes of ECMs isolated were analyzed using bicinchoninic acid protein concentration assay and SDS-PAGE. The protocol was adapted from Abberton and colleagues (15) .
Immunofluorescence
Cells were plated on glass coverslips coated with omental ECM and 24 hours later FITC-labeled uPA was added for 30 minutes. For colocalization experiments, the cells were fixed with 4% paraformaldehyde in PBS for 30 minutes and immunofluorescence was performed. Primary antibodies against active caspase-3 (1:200) or a 5 -integrin (1:300) and secondary antibodies goat antimouse or anti-rabbit Alexafluor 645 (1:200; Invitrogen) were used. Nuclear counterstain was performed with Hoechst. Imaging was performed using a Zeiss LSM510 confocal microscope. For all 3D and colocalization experiments, Imaris 3D visualization and analysis software (Bitplane Inc.) was used. The ImarisColoc and Measurement Pro applications were used to measure mean percent colocalization of fluorescein isothiocyanate (FITC)-labeled uPA and a 5 -integrin in cells from the confocal images obtained with a 488 and 645 lasers on the Zeiss LSM510. Both automated (reported) and manually set thresholds were used in the analysis, but there was no difference in the 2 analyses. An independent sample t test was used to determine significance of the mean percent of FITC-labeled uPA and a 5 -integrin colocalization in control and anti-u-PAR-treated SKOV3ip1 cells.
Animal experiments
CaOV3 (2 Â 10 ) cells were injected intraperitoneally (i.p.). IgG or antiu-PAR (ATN-658) (10 mg/kg) was administered twice a week starting on day 7 post tumor cell injection. Paclitaxel (0.03 mg/mouse) was injected once a week for 3 weeks (13 mice/group for CaOV3 cells, 10 mice/group for SKOV3ip1 or HeyA8 cells) starting on day 10. The 1.5 mg/kg dose was used to achieve an approximately 50% inhibition in metastasis to allow the evaluation of any additive or synergistic effect of the u-PAR antibody. The mice were sacrificed 63 (CaOV3), 22 (HeyA8), or 28 (SKOV3ip1) days after cancer cell injection, and the number of tumor colonies counted, dissected, collected, and weighed as described previously (12) and analyzed by unpaired, 2-tailed Student's t test. For the survival study, HeyA8 cells (1 Â 10 6 ) were injected i.p. into female athymic nude mice (10 mice/group), and animals were sacrificed at the first signs of distress per institutional guidelines. Kaplan-Meier survival estimates were calculated to determine significant changes in the survival study. Procedures involving animal care were approved by the Committee on Animal Care at the University of Chicago.
Quantitative real-time reverse transcriptasepolymerase chain reaction
Trizol reagent was used to isolate RNA according to manufacturer instructions (Invitrogen). Real-time quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed using the Prism7500 TaqMan PCR detector. Relative levels of mRNA gene expression were calculated using the 2 ÀDDCT method (16) . Differences between treatments were evaluated using an unpaired, 2-tailed Student's t test.
Mouse xenograft tumor immunohistochemistry and TUNEL staining
Immunohistochemistry was performed on tumors as previously described (12) . TUNEL staining was performed according to the manufacturer's protocol. The slides were stained with 3,3 0 -diaminobenzidine reagent and counterstained with hematoxylin.
Apoptosis
SKOV3ip1 cells were treated for 48 hours with 20 mg/mL u-PAR antibody or control IgG. The sub-G1 population was analyzed by fluorescently-activated cell sorting.
Microarray
RNA from each sample was labeled using the One-Cycle Eukaryotic Target Labeling assay from Affymetrix. The fragmented biotin-labeled cRNA was hybridized to Affymetrix GeneChip Human Genome U133 plus 2.0 arrays. Gene expression data were calculated from normalization of Affymetrix data files generated from the arrays. Our probe level data were normalized using the invariant-set normalization procedure. The normalized probe level data were converted to model-based gene expression indexes (MBEI, log with base 2) to be used as the values for gene expression. All microarray procedures were performed by the Functional Genomics Facility at the University of Chicago.
Results
u-PAR expression in human ovarian carcinoma
Previous studies have reported various expression levels of u-PAR in ovarian cancer (summarized in Supplementary Table S1; refs. [17] [18] [19] [20] [21] [22] [23] [24] . To clarify the percentage of patients with u-PAR positive ovarian cancers, a tissue microarray containing tumor tissue from 135 patients with advanced (FIGO stage III/IV) and 27 patients with early cancers (stage I/II) was stained for u-PAR. Only 8% (13/162) of all patients had tumors that were negative for u-PAR expression. The u-PAR was expressed in all major histologic subtypes (serous papillary, endometrioid, mucinous, and clear cell ovarian cancers; Table 1 ) in the epithelial tumor compartment (Fig. 1A) . Weak expression was found in the stroma, but the expression in the tumor cells was consistently stronger. In univariate analysis, expression was independent of the classic clinicopathologic parameters, including tumor grade, primary disease location (fallopian tube, peritoneum, or ovary), or ascites volume. This was expected, given the abundant expression of u-PAR in all tumors. u-PAR expression was also independent of the clinical response to platinum-based chemotherapy ("platinum sensitivity") and the amount of residual tumor at the end of surgery. Expression of u-PAR was low to absent in normal surface epithelium of the ovary and fallopian tube (Fig. 1A) . To determine if expression of u-PAR is a prognostic factor in ovarian cancer, a Kaplan-Meier analysis was performed. The median overall survival in women with high (score ! 120) u-PAR expression was 33 months and 45 months in women with low (score < 120) u-PAR expression (P ¼ 0.15; Fig. 1B) , a difference that did not reach statistical significance. Furthermore, there was no statistical difference in progression free survival (PFS) of women with low levels of u-PAR (median PFS 16.1 months) when compared with women with high levels (median PFS 13.1 months). There was also no difference in the level of u-PAR expression in early and late tumor stages or between the primary ovarian tumor and the corresponding omental (n ¼ 61) or peritoneal metastases (n ¼ 50; Fig. 1C ). Taken together, these data indicate that, while u-PAR expression was not shown to be a prognostic factor, u-PAR is expressed in the majority of ovarian tumors, both primary and metastatic, and, therefore, could prove to be a valuable target for the treatment of ovarian cancer.
u-PAR contributes to ovarian cancer cell adhesion, migration, and invasion Given the expression of u-PAR in the majority of ovarian cancers, several ovarian cancer cell lines were characterized for their u-PAR expression. All cell lines, including the primary ovarian cancer cell line MONTY-1 (11), expressed at least a low level of u-PAR. CaOV3 (high-), HeyA8 (moderate-), or SKOV3ip1 (low-u-PAR expression) were chosen for the subsequent experiments ( Fig. 2A) . Ovarian cancer metastasis involves the adhesion, migration, and invasion of tumor cells to the peritoneal cavity. To determine if u-PAR is involved in these processes, cells were treated with a u-PAR antibody (ATN-658) that inhibits the downstream signaling of u-PAR (10) . Simultaneous treatment of cells with the u-PAR antibody at the time of the assay had no effect on adhesion, whereas the pretreatment of cells for 18 hours resulted in a modest inhibition of ovarian cancer cell adhesion (Fig. 2B) . Dissociation of endogenous uPA and u-PAR with a mild acid wash had no effect on ovarian cancer cell adhesion (Supplementary S1 ). In contrast, the u-PAR antibody significantly inhibited ovarian cancer cell invasion through Matrigel, and through a 3D omental culture that mimics the microenvironment of ovarian cancer cells (ref. 13 ; Fig. 2C ), as well as migration through type I collagen (Fig. 2D) . Anti-u-PAR treatment had no effect on ovarian cancer cell proliferation (Supplementary Fig. S2 ).
Blocking u-PAR inhibits orthotopic ovarian cancer growth in mice
To evaluate the effect of the u-PAR antibody in vivo, we used the same ovarian cancer cell lines in an orthotopic ovarian cancer xenograft model. Cells were injected i.p., and 7 days later, ATN-658 or mouse IgG (control) administered alone or in combination with paclitaxel, a drug currently used as a front-line treatment in patients with ovarian cancer. In the SKOV3ip1 and CaOV3 tumor-bearing mice, anti-u-PAR treatment resulted in a statistically significant reduction in mean tumor weight (P < 0.01) and number of metastasis (P < 0.01) compared with the control IgG-treated mice (Fig. 3A) . Paclitaxel treatment decreased mean tumor weight and the number of tumors (P < 0.01). The combination of anti-u-PAR and paclitaxel treatment had a greater effect on the reduction of tumor weight (P < 0.01) than either treatment alone in the SKOV3ip1 xenograft model, as well as on the reduction of tumor weight (P < 0.05) and number (P < 0.01) in the CaOV3 xenograft model. In the HeyA8tumor-bearing mice, which only produce a few solid tumors, anti-u-PAR treatment resulted in a decrease in tumor weight (P < 0.01) compared with IgG control (Fig. 3B) . Again, paclitaxel treatment resulted in a greater reduction of tumor weight, which also increased when combined with the u-PAR antibody (P < 0.05). To determine if anti-u-PAR treatment significantly changed survival in an OvCa xenograft model, Kaplan-Meier analysis of a survival study with the HeyA8 xenograft model was performed. Treatment with the u-PAR antibody led to increased survival in the HeyA8 xenograft model (Fig. 3B ) compared with IgG-treated mice (P < 0.0001). Paclitaxel increased overall survival rate regardless of antibody treatment (P < 0.0001), and a further increase in survival rate was observed in mice treated with anti-u-PAR in combination with paclitaxel (P ¼ 0.002).
u-PAR antibody treatment inhibits u-PAR and uPA expression Next, we evaluated the effect of u-PAR antibody treatment on u-PAR and uPA expression in vivo and in vitro. Tumors from anti-u-PAR-treated mice had lower u-PAR and uPA mRNA and protein expression levels compared with tumors from mice treated with IgG (Fig. 4A) . In vitro, fluorescently labeled OvCa cells were cultured on plastic or added to the 3D omental culture, which was composed of a single layer of mesothelial cells overlaying fibroblasts plated in collagen ECM. Fluorescently activated cell sorting was used to sort the OvCa cells from the 3D culture, and mRNA and protein expression levels were tested. The u-PAR mRNA and protein expression in all 3 tumor cell lines increased significantly upon coculture with the 3D omental culture, suggesting that the interaction of cancer cells with mesothelial cells and fibroblasts induces u-PAR expression. These effects could be inhibited by at least 60% with u-PAR antibody treatment (Fig. 4B) . Although uPA mRNA and protein levels were not further induced by the 3D culture compared with plastic, its constitutive expression in the tumor cells was still blocked by the u-PAR antibody. The effect of anti-u-PAR treatment on the localization of u-PAR in cancer cells cultured on omental ECM was investigated. We believed that ECM isolated from benign human omentum would provide a microenvironment that was more comparable to the human omentum, the most common site of OvCa metastasis, than Matrigel or collagen alone. u-PAR was localized on tumor cells using FITClabeled uPA (Fig. 4C) . Once again, anti-u-PAR treatment inhibited the constitutive u-PAR expression of cells cultured on plastic or omental ECM. Moreover, when cancer cells were treated with control IgG, u-PAR localized at the site of contact with primary human omental ECM (top square panels; bottom rectangular panels, 0 mm). However, after anti-u-PAR treatment, u-PAR did not cluster in this fashion but was more uniformly distributed in the cells. 
Blocking u-PAR affects integrin signaling and induces apoptosis
We then took an unbiased approach to investigate mRNA changes affected by u-PAR antibody treatment in vivo. Microarray analysis was performed on RNA isolated from mouse ovarian cancer cell xenograft tumors excised after 4 doses of u-PAR antibody or control IgG. Gene expression analysis revealed that the pathway most significantly regulated by ATN-658 treatment involved integrin signaling. The gene expression profile of integrin signaling in tumors from CaOV3 xenograft mice treated with anti-u-PAR compared with control IgG is shown in Figure 5A . We confirmed and tested 10 of the regulated genes, including ACTG2, the mRNA with greatest fold difference between treated and untreated mice. u-PAR antibody treatment decreased ACTG2 protein and mRNA expressoin in vivo and in vitro ( Supplementary Fig. S3 ). In view of the inhibitory effect of u-PAR antibody treatment on ovarian cancer cell adhesion, migration, and invasion, we were particularly interested in confirming the downregulation of 2 genes with known involvement in these processes, b 3 -integrin and FGFR1 (11, 25) . Treatment with the u-PAR antibody inhibited b 3 -integrin and FGFR1 mRNA and protein expression in vivo. This was confirmed in vitro in 2 cell lines (SKOV3ip1 and CaOV3). Treatment of cells on plastic, as well as on the 3D culture, resulted in an inhibition of b 3 -integrin and FGFR1 mRNA and protein expression (Fig. 5B) .
Previous studies have shown that the association of u-PAR with the fibronectin receptor (a 5 b 1 -integrin) affects the expression and activation state of u-PAR and that u-PAR is important for tumor cell invasion (26, 27) . Therefore, we determined if the antibody affects the expression of a 5 -integrin and the interaction of u-PAR and a 5 -integrin. Indeed, treatment with the u-PAR antibody in the CaOV3 xenograft model inhibited a 5 -integrin mRNA and protein expression (Fig. 5C ). In vitro, the anti-u-PAR treatment inhibited colocalization of a 5 -integrin and u-PAR in SKOV3ip1 cells cultured on primary human omental ECM (Fig. 5D ). For the colocalization experiments, the live cells were incubated with FITC-labeled uPA, just prior to fixation (28) . Subsequently, immunofluorescence with an a 5 -integrin specific antibody, confocal microscopy, and image analysis were performed.
The histologic appearance of u-PAR and IgG-treated tumors was very similar and there was no difference between angiogenesis (microvessel density) and proliferation (Ki-67) in tumors from u-PAR antibody or mouse IgG antibody-treated mice (Fig. 6) . However, anti-u-PAR treatment increased cleaved-caspase 3 expression and DNA fragmentation of ovarian tumor cells in CaOV3 and SKOV3ip1 xenografts (TUNEL staining; Fig. 6A ). The effect of anti-u-PAR treatment on apoptosis was confirmed in vitro (Fig. 6B) . Treatment with the u-PAR antibody increased expression of active caspase 3 in SKOV3ip1 and CaOV3 cells, DNA fragmentation of SKOV3ip1 cells, and the percent of apoptotic cells in SKOV3ip1 cells when compared with control antibody treated cells (Fig. 6B) .
Discussion
Since the discovery of the u-PAR in 1985 (29, 30) , 25 years of intensive research has elucidated its role as a multifunctional receptor involved in a myriad of tumor cell processes, including invasion, ECM remodeling, adhesion, migration, angiogenesis, and metastasis (4) (5) (6) . However, although u-PAR's many roles in cancer makes it a very attractive therapeutic target, its potential has yet to be translated into a clinical benefit. As a first step toward defining u-PAR's potential in ovarian cancer treatment, we characterized its expression level and found that over 90% of all epithelial ovarian cancers expressed u-PAR protein in the epithelial tumor compartment. u-PAR was expressed in both the primary tumor and the metastases and in early and as well as late tumor stages, suggesting that it is upregulated in early ovarian tumorigenesis. These results corroborate previously published studies on u-PAR expression in primary ovarian tumors. In a review of all published studies reporting u-PAR expression, we found 7 studies that reported that greater than 80% of all ovarian cancer tumors express the u-PAR (summarized in Supplementary Table S1) and 2 studies that reported lower levels of u-PAR in ovarian cancer (22, 23) . These expression studies and the well-established importance of u-PAR in cancer biology suggest that all patients with the u-PAR-expressing tumors could potentially benefit from u-PAR-targeted therapy and support our proposal to test u-PAR inhibition as an anticancer strategy.
The efficacy of the u-PAR antibody in the inhibition of various ovarian cancer cell functions was explored both in vitro and in vivo. We tested the effects of this antibody in 3 different ovarian cancer cell lines to increase the likelihood of generalizable results (31, 32) . Our results overwhelmingly show that the u-PAR antibody is able to inhibit the adhesion, migration, and invasion of all tested ovarian cancer cell lines in vitro and in a 3D model, as well as to inhibit metastasis in 3 different ovarian xenograft models. These results are in agreement with those of other investigators who have identified u-PAR as a therapeutic target in preclinical models of cancer. Two studies by the same group specifically investigated the targeting of u-PAR in ovarian cancer. First, Sato and colleagues, using the OVMZ-6 ovarian cancer xenograft mouse model, identified 2 cyclic peptides which act as competitive antagonists of the uPA/u-PAR interaction and were able to reduce tumor weight in vivo (33). Second, Kn€ or and colleagues successfully targeted u-PAR in OVMZ-6 ovarian cancer cells in culture, which inhibited colony formation (34) . The urokinase receptor has also been successfully inhibited using various techniques in other cancers, including DNAzymes (osteosarcoma) (35) , siRNA (glioma) (9), monoclonal antibodies (pancreatic, colorectal, and prostate) (10, 28, 36) , and u-PAR antagonists (melanoma and colorectal cancer) (37, 38) . Although most of these studies successfully targeted u-PAR in preclinical models of cancer and resulted in various degrees of disruption of known u-PAR functions, most of the reported methods used to inhibit u-PAR are not ready for further clinical development because of short half-life of the agents and concerns involving their purity, stable delivery, and safety. Monoclonal antibodies, however, have finally come of age as therapeutics, and several molecules have recently been approved as cancer therapies. Therefore, given the encouraging results in this and other preclinical studies (10, 36) , we believe that an antibody against u-PAR has the potential to be advanced into clinical testing.
In view of previous observations that u-PAR directly binds to adhesion molecules, we investigated whether anti-u-PAR treatment affects u-PAR interaction with integrins. We found that the u-PAR antibody inhibited the association of u-PAR with a 5 b 1 -integrin. This finding is in agreement with results of the study by Wei and colleagues, which determined that u-PAR directly binds and activates a 5 b 1 -integrin, causing a conformational change in a 5 b 1 -integrin that permits binding to a different fragment of fibronectin and increased invasion (27) . In addition, b 3 -integrin was consistently downregulated by anti-u-PAR treatment. In glioma cells, adenovirus-mediated downregulation of u-PAR was also found to inhibit a v b 3 -integrin expression (39) . Therefore, it is apparent that u-PAR inhibition modifies both the interaction and expression of integrins, suggesting that u-PAR can differentially affect integrin functions. In addition, anti-u-PAR treatment increased cleaved-caspase 3 expression, the percentage of apoptotic cells, and DNA fragmentation, explaining further why the treated tumors are smaller. Gondi and colleagues (40) also reported that u-PAR and uPA inhibition induces caspase-mediated apoptosis. Conversely, these results also suggest that u-PAR supports aberrant cell survival in tumor cells.
In summary, we show that u-PAR is widely expressed in ovarian carcinomas and that treatment with an u-PAR antibody targeted and inhibited u-PAR-dependent functions, including ovarian cancer cell invasion and metastasis. In view of the encouraging preclinical results shown in this and other studies targeting u-PAR, we propose that sufficient rationale exists to evaluate the effects of u-PAR inhibition in clinical cancer trials. 
